The mechanisms that underlie the origin of major prokaryotic groups are poorly understood. In principle, the origin of both species and higher taxa among prokaryotes should entail similar mechanismsecological interactions with the environment paired with natural genetic variation involving lineage-specific gene innovations and lineage-specific gene acquisitions [1] [2] [3] [4] . To investigate the origin of higher taxa in archaea, we have determined gene distributions and gene phylogenies for the 267,568 protein-coding genes of 134 sequenced archaeal genomes in the context of their homologues from 1,847 reference bacterial genomes. Archaeal-specific gene families define 13 traditionally recognized archaeal higher taxa in our sample. Here we report that the origins of these 13 groups unexpectedly correspond to 2,264 group-specific gene acquisitions from bacteria. Interdomain gene transfer is highly asymmetric, transfers from bacteria to archaea are more than fivefold more frequent than vice versa. Gene transfers identified at major evolutionary transitions among prokaryotes specifically implicate gene acquisitions for metabolic functions from bacteria as key innovations in the origin of higher archaeal taxa.
Genome evolution in prokaryotes entails both tree-like components generated by vertical descent and network-like components generated by lateral gene transfer (LGT) 5, 6 . Both processes operate in the formation of prokaryotic species [1] [2] [3] [4] [5] [6] . Although it is clear that LGT within prokaryotic groups such as cyanobacteria 7 , proteobacteria 8 or halophiles 9 is important in genome evolution, the contribution of LGT to the formation of new prokaryotic groups at higher taxonomic levels is unknown. Prokaryotic higher taxa are recognized and defined by ribosomal RNA phylogenetics 10 , their existence is supported by phylogenomic studies of informational genes 11 that are universal to all genomes, or nearly so 12 . Such core genes encode about 30-40 proteins for ribosome biogenesis and information processing functions, but they comprise only about 1% of an average genome. Although core phylogenomics studies provide useful prokaryotic classifications 13 , they give little insight into the remaining 99% of the genome, because of LGT 14 . The core does not predict gene content across a given prokaryotic group, especially in groups with large pangenomes or broad ecological diversity 1, 4 , nor does the core itself reveal which gene innovations underlie the origin of major groups.
To examine the relationship between gene distributions and the origins of higher taxa among archaea, we clustered all 267,568 proteins encoded in 134 archaeal chromosomes using the Markov Cluster algorithm (MCL) 15 at a $ 25% global amino acid identity threshold, thereby generating 25,762 archaeal protein families having $ 2 members. Clusters below that sequence identity threshold were not considered further. Among the 25,762 archaeal clusters, two-thirds (16, 983) are archaeal specific-they detect no homologues among 1,847 bacterial genomes. The presence of these archaeal-specific genes in each of the 134 archaeal genomes is plotted in Fig. 1 against an unrooted reference tree (left panel) constructed from a concatenated alignment of the 70 single copy genes universal to archaea sampled. The gene distributions strongly correspond to the 13 recognized archaeal higher taxa present in our sample, with 14,416 families (85%) occurring in members of only one of the 13 groups indicated and 1,545 (9%) occurring in members of two groups only ( Fig. 1 ). Another 6% of archaeal-specific clusters are present in more than two groups, and 0.3% are present in all genomes sampled (Fig. 1 ).
The remaining one-third of the archaeal families (8,779 families) have homologues that are present in anywhere from one to 1,495 bacterial genomes. The number of genes that each archaeal genome shares with 1,847 bacterial genomes and which bacterial genomes harbour those homologues is shown in the gene sharing matrix (Extended Data Fig. 1 ), which reveals major differences in the per-genome frequency of bacterial gene occurrences across archaeal lineages. We generated alignments and maximum likelihood trees for those 8,471 archaeal families having bacterial counterparts and containing $ 4 taxa. In 4,397 trees the archaeal sequences were monophyletic ( Fig. 2) , while in the remaining 4,074 trees the archaea were not monophyletic, interleaving with bacterial sequences. For all trees, we plotted the distribution of gene presence or absence data across archaeal taxa onto the reference tree.
Among the 4,397 cases of archaeal monophyly, 1,082 trees contained sequences from only one bacterial genome or bacterial phylum (Extended Data Fig. 2 ), a distribution indicating gene export from archaea to bacteria. In the remaining 3,315 trees ( Supplementary Table 3 ), the monophyletic archaea were nested within a broad bacterial gene distribution spanning many phyla. For 2,264 of those trees, the genes occur specifically in only one higher archaeal taxon (left portion of Fig. 2 ), but at the same time they are very widespread among diverse bacteria (lower panel of Fig. 2 ), clearly indicating that they are archaeal acquisitions from bacteria, or imports. Among the 2,264 imports, genes involved in metabolism (39%) are the most frequent (Supplementary Table 2 ). Like the archaeal-specific genes in Fig. 1 , the imports in Fig. 2 correspond to the 13 archaeal groups. We asked whether the origins of these groups coincide with the acquisitions of the imports.If the imports were acquired at the origin of each group, their set of phylogenies should be similar to the set of phylogenies for the archaeal-specific, or recipient, genes ( Fig. 1 ) from the same group. As an alternative to single origin to account for monophyly, the imports might have been acquired in one lineage and then spread through the group, in which case the recipient and import tree sets should differ. Using a Kolmogorov-Smirnov test adapted to non-identical leaf sets, we could not reject the null hypothesis H 0 that the import and recipient tree sets were drawn from the same distribution for six of the 13 higher taxa: Thermoproteales (P 5 0.32), Desulfurococcales (P 5 0.3), Methanobacteriales (P 5 0.96), Methanococcales (P 5 0.19), Methanosarcinales (P 5 0.16), and Haloarchaea (P 5 0.22), while the slightest possible perturbation of the import set, one random prune and graft LGT event per tree, did reject H 0 at P , 0.002 in those six cases, very strongly (P , 10 242 ) for the Haloarchaea, where the largest tree sample is available (Extended Data Fig. 3 and Extended Data Table 1 ). For these six archaeal higher taxa, the origin of their group-specific bacterial genes and the origin of the group are indistinguishable.
In 4,074 trees, the archaea were not monophyletic (Extended Data Fig. 4 ; Supplementary Tables 4 and 5 ). Transfers in these phylogenies are not readily polarized and were scored neither as imports nor exports. Importantly, if we plot the gene distributions sorted for bacterial groups, rather than for archaeal groups, we do not find similar patterns such as those defining the 13 archaeal groups. That is, we do not detect patterns that would correspond to the acquisition of archaeal genes at the origin of bacterial groups (Extended Data Fig. 5 ), indicating that gene transfers from archaea to bacteria, though they clearly do occur, do not correspond to the origin of major bacterial groups sampled here.
In archaeal systematics, Haloarchaea, Archaeoglobales, and Thermoplasmatales branch within the methanogens 13, 16 , as in our reference tree (Fig. 2 ). All three groups hence derive from methanogenic ancestors. Previous studies have identified a large influx of bacterial genes into the halophile common ancestor 17 , and gene fluxes between archaea at the origin of these major clades 16 . Figure 2 shows that the acquisition of bacterial genes corresponds to the origin of these three groups from methanogenic ancestors, all of which have relinquished methanogenesis and harbour organotrophic forms 18, 19 . Among the 2,264 bacteriato-archaea transfers, 1,881 (83%) have been acquired by methanogens or ancestrally methanogenic lineages, which comprise 55% of the present archaeal sample.
Neither the archaeal-specific genes nor the bacterial acquisitions showed evidence for any pattern of higher order archaeal relationships or hierarchical clustering 20 among the 13 higher taxa, with the exception of the crenarchaeote-euryarchaeote spilt (Extended Data Fig. 6 ). While 16,680 gene families (14,416 archaeal-specific and 2,264 acquisitions) recover the groups themselves, only 4% as many genes (491 archaeal-specific and 110 acquisitions) recover any branch in the reference phylogeny linking those groups (Extended Data Fig. 7 ).
For 7,379 families present in 2-12 groups, we examined all 6,081,075 possible trees that preserve the crenarchaeote-euryarchaeote split by coding each group as an OTU (operational taxonomic unit) and scoring gene presence in one member of a group as present in the group. A random tree can account for 569 (8%) of the families, the best tree can account for 1,180 families (16%), while the reference tree accounts for 849 (11%) of the families (Extended Data Fig. 8 ). Thus, the gene distributions conflict with all trees and do not support a hierarchical relationship among groups. Figure 3 shows the phylogenetic structure (grey branches) that is recovered by the individual phylogenies of the 70 genes that were used to make the reference tree. It reveals a tree of tips 21 in that, for deeper branches, no individual gene tree manifests the deeper branches of the concatenation tree. Even the crenarchaeote-euryarchaeote split is not recovered because of the inconsistent position of Thaumarchaea and Nanoarchaea. Projected upon the tree of tips are the bacterial acquisitions that correspond to the origin of the 13 archaeal groups studied here.
The direction of transfers between the two prokaryotic domains is highly asymmetric. The 2,264 imports plotted in Fig. 3 are transfers from bacteria to archaea, occurring only in one archaeal group (Extended  Data Table 2 , Supplementary Table 6 ). Yet only 391 converse transfers, 27 (rBBH) having an e-value , 10 210 and $ 25% local amino acid identity. These protein pairs were globally aligned using the Needleman-Wunsch algorithm 28 resulting in a total of 10,382,314 protein pairs (267,568 proteins, 86.6%). These 267,568 proteins were clustered into 25,762 families using the standard Markov Chain clustering procedure 15 . There were 41,560 archaeal proteins (13.4% of the total) that did not have archaeal homologues, these were classified as singletons and excluded from further analysis. The 23 bacterial groups were defined using phylum names, except for Firmicutes and Proteobacteria. All 25,752 archaeal protein families were aligned using MAFFT 29 (version v6.864b). Archaeal specific gene families were defined as those that lack bacterial homologues at the e-value , 10 210 and $ 25% global amino acid identity threshold. For those archaeal clusters having hits in multiple bacterial strains of a species, only the most similar sequence among the strains was considered for the alignment. Maximum likelihood trees were reconstructed using RAxML 30 program for all cases where the alignment had four or more protein sequences. Archaeal species, named in order, are given in Supplementary Table 1 . Clusters, including gene identifiers and corresponding cluster of orthologous groups (COG) functional annotations, are given in Supplementary Table 2 . The unrooted reference tree at left was constructed as described in Fig. 2 .
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exports from archaea to bacteria, were observed (Extended Data Table 2 ), the bacterial genomes most frequently receiving archaeal genes occurring in Thermotogae (Supplementary Table 7 ). Transfers from bacteria to archaea are thus greater than fivefold more frequent than vice versa, yet sample-scaled for equal number of bacterial and archaeal genomes, transfers from bacteria to archaea are 10.7-fold more frequent (see Supplementary Information). The bacteria-to-archaea transfers comprise predominantly metabolic functions, with amino acid import and metabolism (208 genes), energy production and conversion (175 genes), inorganic ion transport and metabolism (123 genes), and carbohydrate transport and metabolism (139 genes) being the four most frequent functional classifications (Extended Data Table 2 ). The extreme asymmetry in interdomain gene transfers probably relates to the specialized lifestyle of methanogens, which served as recipients for 83% of the polarized gene transfers observed ( Supplementary Table 8 ). Hydrogen-dependent methanogens are specialized chemolithoautotrophs, the route to more generalist organotrophic lifestyles that are not H 2 and CO 2 dependent entails either gene invention or gene acquisition. For Haloarchaea, Archaeoglobales and Thermoplasmatales, gene acquisition from bacteria provided the key innovations that transformed methanogenic ancestors into founders of new higher taxa with access to new niches, whereby several methanogen lineages have acquired numerous bacterial genes 22 but have retained the methanogenic lifestyle.
Gene transfers from bacteria to archaea not only underpin the origin of major archaeal groups, they also underpin the origin of eukaryotes, because the host that acquired the mitochondrion was, phylogenetically, an archaeon 23, 24 . Our current findings support the theory of rapid expansion and slow reduction currently emerging from studies of genome evolution 25 . Subsequent to genome expansion via acquisition, lineagespecific gene loss predominates, as evident in Figs 1 and 2 . In principle, the bacterial genes that correspond to the origin of major archaeal groups could have been acquired by independent LGT events 9, 14 , via unique combinations in founder lineage pangenomes 3, 4 , or via mass transfers involving symbiotic associations, similar to the origin of eukaryotes 23, 24 . For lineages in which the origin of bacterial genes and the origin of the higher archaeal taxon are indistinguishable, the latter two mechanisms seem more probable. Fig. 1 . The lower panel shows the occurrence of homologues among bacterial groups. Gene identifiers including functional annotations are given in Supplementary Table 2 . The number of trees containing taxa specific to each archaeal group (or groups) is indicated at the top. The Methanopyrus kandleri branch (dot) subtends all methanogens in the tree. There are 56 genes at the far right that occur in all 13 groups (fully black columns) and were probably present in the prokaryote common ancestor. Bacterial homologues of archaeal protein families were identified as described in Fig. 1 (rBBH 

